Vitamin D is linked to a number of adverse pregnancy outcomes through largely unknown mechanisms. This study was conducted to examine the role of vitamin D status in metabolomic profiles in a group of 30 pregnant, African American adolescents (17.1 + 1.1 years) at midgestation (26.8 + 2.8 weeks), in 15 adolescents with 25-hydroxy vitamin D (25(OH)D) !20 ng/mL, and in 15 teens with 25(OH)D <20 ng/mL. Serum metabolomic profiles were examined using gas chromatography-mass spectrometry and liquid chromatography-tandem mass spectrometry. A novel hierarchical mixture model was used to evaluate differences in metabolite profiles between low and high groups. A total of 326 compounds were identified and included in subsequent statistical analyses. Eleven metabolites had significantly different means between the 2 vitamin D groups, after correcting for multiple hypothesis testing: pyridoxate, bilirubin, xylose, and cholate were higher, and leukotrienes, 1,2-propanediol, azelate, undecanedioate, sebacate, inflammation associated complement component 3 peptide (HWESASXX), and piperine were lower in serum from adolescents with 25(OH)D !20 ng/mL. Lower maternal vitamin D status at midgestation impacted serum metabolic profiles in pregnant adolescents.
Introduction
Vitamin D deficiency and insufficiency are common in pregnancy. An estimated 21% to 50% of pregnant women are vitamin D inadequate (25-hydroxy vitamin D [25(OH)D] <20 ng/ mL), 1, 2 and many pregnant women have 25(OH)D concentrations below 30 ng/mL. [3] [4] [5] The prevalence of suboptimal vitamin D status in pregnant women is high and ranges from 5% to 84% globally. [6] [7] [8] [9] [10] [11] [12] [13] [14] In a previous analysis of adolescents participating in this research study, 50% had 25(OH)D concentrations 20 ng/mL in pregnancy, 8 and low 25(OH)D concentrations were associated with deficits in fetal femur and humerus length. 15 Vitamin D is essential for optimal calcium homeostasis, immune function, and growth and development. In pregnancy, vitamin D is required for development of the fetoplacental unit, fetal growth, and regulation of placental function. 16 Vitamin D is critical in the development of the fetal immune system. 17 The high prevalence of vitamin D insufficiency in pregnant women is of concern, given its association with adverse perinatal outcomes. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Observational studies have linked low maternal vitamin D status with an increased risk of health outcomes for the mother, fetus, and infant, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] including preterm birth, 29 preeclampsia, [22] [23] [24] [25] infection, 7, 30, 31 gestational diabetes, and obstructed labor. 27, 28 Prenatal vitamin D intake or supplementation has been associated with higher infant birth weight, 27, 28, 32, 33 head and arm circumference, and skinfold thickness. 32, 33 A recent randomized controlled trial has suggested that vitamin D supplementation (400, 2000, or 4000 IU daily) during pregnancy is safe and effective 34 and can reduce the risk of maternal comorbidities during pregnancy. 35 Conversely, maternal vitamin D deficiency has been linked to poor infant and early child health, including stunting and underweight, 36 deficits in neurocognitive development, 20, 21 asthma, 37, 38 and infectious diseases. 39 Although several studies have found these associations, mechanisms responsible for the observed associations are limited. The recent Institute of Medicine (IOM) Committee set an estimated average requirement (EAR) of 400 IU for pregnant women, corresponding to a serum 25(OH)D level of at least 20 ng/mL, to meet the requirements for at least 97.5% of the population. Higher values were not consistently associated with greater benefit, and for some outcomes, Ushaped associations were observed (with risks at both low and high levels). The IOM Committee concluded that the available scientific evidence supports a key causal role of calcium and vitamin D in skeletal health and provided strong support to inform intake requirements. However, this issue remains controversial, particularly for extraskeletal outcomes, and higher intakes have been recommended by the Endocrine Society for patients who are at risk of specific diseases. 40, 41 Gaps in the literature that were identified by the IOM included inconsistent evidence (inconclusive regarding causality), insufficient data to inform nutritional requirements, and limited and uninformative evidence from randomized trials for extraskeletal outcomes.
Although vitamin D status has been linked to multiple processes that are integral to optimal pregnancy outcomes, to date there have been no published studies assessing the relationship of vitamin D status in pregnancy with maternal metabolomics profiles or related biomarkers. We therefore conducted this study to examine the role of vitamin D status in metabolomic profiles in midpregnancy in 30 African American adolescents, a group with increased risk of both vitamin D insufficiency and pregnancy complications.
Materials and Methods

Participants and Study Procedures
Participants in this study were enrolled in a larger longitudinal study of maternal and fetal bone health and iron status across gestation among pregnant adolescents (13-18 years). All teens were recruited from the Rochester Adolescent Maternal Program in Rochester, New York. Pregnant adolescents were eligible to participate if they were between 12 and 30 weeks of gestation at enrollment, were healthy, and carrying a single fetus. Adolescents were excluded if they had known medical complications, including HIV infection, diabetes, gestational hypertension, preeclampsia, eating disorders, malabsorption diseases, or any other diagnosed medical conditions. Written informed consent was obtained from all study participants, and the research protocol and study procedures were approved by the institutional review boards at Cornell University and the University of Rochester.
Structured interviews were conducted at the baseline clinic visit to collect information on demographic characteristics, including maternal age, educational level, socioeconomic status, and obstetric history. All adolescents were prescribed prenatal supplements containing 27 mg of iron and 400 mg of folate as part of their standard prenatal care. Supplemental vitamin D 3 (400 IU/ d) was provided to teens whose midgestation 25(OH)D concentrations were 20 ng/mL, but none of the adolescents in this metabolomic study had received vitamin D supplementation at the time that these metabolomic serum samples were collected.
Adolescents attended up to 3 study visits across pregnancy, timed to coincide with early, mid, and late gestation. At each visit, maternal anthropometric measures were recorded, and dietary intake was assessed with a 24-hour dietary recall.
Biochemical Assessment of Vitamin D Status
Maternal vitamin D status was evaluated at midgestation (26.8 + 2.8 weeks), based on serum concentrations of 25(OH)D. Nonfasting blood samples (10 mL) were collected and allowed to clot at room temperature, and serum was separated by centrifugation, processed, and stored À80 C until analyzed. An aliquot of serum was immediately sent to Quest Laboratories for assessment of 25(OH)D with the use of Diasorin RIA (Diasorin, Inc, Stillwater, Minnesota). This laboratory participates in the vitamin D External Quality Assessment Scheme as a means of quality assurance. The season of each blood collection was classified using seasonal classifications for the northeast United States. 42 Vitamin D status was categorized as insufficient if 25(OH)D was <20 ng/mL or sufficient if 25(OH)D was !20 ng/mL, in accordance with the recent IOM guidelines. 43 After a high prevalence of vitamin D insufficiency was observed in the first 37 study participants, all subsequent participants found to be vitamin D insufficient at midgestation were provided with an additional 400 IU vitamin D 3 at their next prenatal visit and were instructed to take 1 pill daily over the remainder of gestation. Detailed data on vitamin D metabolism, including 25(OH)D, parathyroid hormone, 1,25-dihydroxyvitamin D, serum total calcitriol, vitamin D receptor, placental cytochrome P (CYP) 27B1 and CYP24A1, interleukin-6 (IL-6), leptin, and osteoprotegerin, have been previously published. 8, 15, [44] [45] [46] [47] [48] 
Laboratory Investigations
In 2012, additional metabolomic analyses were conducted on stored plasma specimens. Midgestation (26.8 + 2.8 weeks) serum samples were randomly selected from African American participants to obtain equal number of those with high 25(OH)D (!20 ng/mL; n ¼ 15, 28.3 + 4.7 ng/mL) or low 25(OH)D (<20 ng/mL; n ¼ 15, 10.4 + 2.0 ng/mL), while matching patients between groups for the gestational age at the time of blood sampling. Sera were sent on dry ice to Metabolon, Inc (Durham, North Carolina) for analysis.
Upon receipt, the samples were extracted, split into equal parts, and prepared for analysis using Metabolon's standard solvent extraction method. Global biochemical profiles were determined using gas chromatography-mass spectrometry and liquid chromatography-tandem mass spectrometry. Several technical replicate samples were created from a homogeneous pool containing a small amount of all study samples. Instrument variability was determined by calculating the median relative standard deviation (RSD) for the internal standards that were added to each sample prior to injection into the mass spectrometers. Overall process variability was determined by calculating the median RSD for all endogenous metabolites (ie, noninstrument standards), which are technical replicates of pooled samples. A total of 326 compounds were identified and included in subsequent statistical analyses.
Statistical Analyses
Differences in the metabolite profile between low and high vitamin D groups were analyzed using a recently described novel hierarchical mixture model, 49 in which differential mean and variance were considered random effects. After logtransforming and median centering the data, the Harvest model was used to simultaneously test for differential mean and variance between the groups. In order to adjust for multiple hypothesis testing (since 326 metabolites were tested), significance was determined after applying the Benjamini-Hochberg procedure.
The mean and variance of the metabolites (raw and log-transformed data) are presented in Figures 1 and 2 . The hierarchical mixture model assumes that the biochemical concentrations are normally distributed and, in particular, that the mean and variance of the normal distribution are not correlated. However, data provided by Metabolon appeared to violate this condition ( Figure 1A ), as the variance increased exponentially with the mean. Therefore, we applied a variance stabilizing transformation to the data, by taking the logarithm; to remove any patientspecific effect, medians of all profiles were equalized and a diagnostic plot was obtained ( Figure 2A ). This log transformation was critical, as after transformation, the mean and the variance were no longer correlated ( Figure 2A ). In Figure 2B , the Harvest plot summarizes the difference between the means evident in the high and low vitamin D groups plotted along the horizontal axis and the logarithm of the ratio between the variances as shown in the vertical axis. The Harvest model was used to simultaneously test for differential mean and variance.
Of note is that conducting the analysis using a 1 metabolite at a time approach (ie, with t tests, as in the initial analysis provided), there were no discoveries at the 0.05 false discovery rate level. However, the hierarchical mixture model used in this analysis increased the power to detect differential metabolites by (1) accounting for the differential variation and (2) ''borrowing'' strength across all metabolites, by modeling the mean and variance of the data as random effects.
Vitamin D status was categorized as insufficient if 25(OH)D was <20 ng/mL or sufficient if 25(OH)D was !20 ng/mL, in accordance with the recent IOM guidelines, 43 requirements for optimal calcium homeostasis, 50, 51 and to be consistent with definitions used in published data from the larger cohort of adolescents. 8, 15 We also conducted analyses using quintiles based on the distribution of vitamin D concentrations in this population, comparing the highest (25(OH)D !32 ng/mL) to the lowest ( 10 ng/mL) quintiles.
We also explored potential nonlinearity of the relationships between covariates and outcomes nonparametrically, using stepwise restricted cubic splines, 52, 53 and used the likelihood ratio test to compare the model with only the linear term to the model with the linear and the cubic spline terms. If nonlinear associations are not reported, they were not significant. The approach proposed by Rothman and Greenland was used to control for confounding, in which all known or suspected risk factors for the outcome which lead to a greater than 10% change-in-estimate were included in the models. 54 Observations with missing data for covariates were retained in the analysis using the multiple imputation method. Statistical analyses were performed using SAS software version 9.3 (SAS Institute, Inc, Cary, North Carolina), R version 3.1.0 (R Foundation for Statistical Computing, Vienna, Austria), and the Harvest application in R. 49 
Results
The characteristics of the participants included in these analyses are presented in Table 1 . A total of 326 compounds were identified in metabolomic analyses and included in subsequent statistical analyses. A total of 16 metabolites were significantly different (P < .20; Table 2 ) between the high and low vitamin D groups after correcting for multiple hypothesis testing; and 11 of these 16 metabolites remained significantly different (P < .05), after correcting for multiple hypothesis testing. There were no significant differences in variances of metabolites between vitamin D groups ( Figure 2B ). Findings from quintile analyses were similar and are presented in Table 3 .
Among the 11 metabolites identified, vitamin D sufficiency was associated with significantly higher pyridoxate, bilirubin, xylose, and cholate, and significantly lower leukotrienes, 1,2-propanediol, azelate, undecanedioate, sebacate, inflammation associated complement component 3 peptide (HWESASXX), and piperine. These 11 metabolites clustered in pathways associated with inflammation, oxidation, fatty acid metabolism, and gut microbiome metabolism as detailed subsequently.
Inflammation and Oxidase Enzymes
The sufficient vitamin D group had significantly lower values for the eicosanoid, leukotriene B4 (adjusted P value: .0051), and higher concentrations of the antioxidant, bilirubin (adjusted P value: .0229). The vitamin D sufficient group also had significantly elevated pyridoxate (adjusted P value: <.00001), an oxidase enzyme involved in vitamin B 6 metabolism and significantly lower 1,2-propanediol, a ketone body, which is oxidized to lactic acid (adjusted P value: .0042).
Fatty Acid b-Oxidation
The fatty acid dicarboxylates, azelate (nonanedioate; adjusted P value: <.0001), undecanedioate (adjusted P value: .0004), and sebacate (decanedioate; adjusted P value: .0042) were significantly lower in the vitamin D sufficient group. Higher vitamin D status was also associated with significantly higher concentrations of cholate, which is involved in feedback regulation of bile acid synthesis (adjusted P value: .0031).
Altered Gut Microbiome Metabolism
Xylose concentrations were significantly elevated in the sufficient vitamin D group (adjusted P value: .015). Xylose is associated with gut microbiome metabolism of pentose phosphate-associated biochemicals. 55, 56 A heat map of serum metabolic profiles by vitamin D status and pathway is presented in Figure 3 which denotes significantly elevated metabolites in green and decreased metabolites in red for the 11 metabolites identified.
Discussion
In this study, maternal vitamin D status at midgestation influenced serum metabolic profiles in pregnant adolescents. Lower maternal vitamin D status (<20 ng/mL) was associated with significantly lower pyridoxate, bilirubin, xylose, and cholate, and higher leukotriene, 1,2-propanediol, azelate, undecanedioate, sebacate, HWESASXX, and piperine. Lower maternal vitamin D status was associated with increased biochemical parameters related to inflammation, oxidative stress, fatty acid b-oxidation, and altered gut microbiome metabolism. To our knowledge, this is the first study on the role of vitamin D status in serum metabolic profiles during pregnancy. Previous metabolomic studies have examined other biochemicals in pregnancy and the role of vitamin D in health outcomes in nonpregnant individuals. In a case-control study of 80 pregnant women, vitamin D and related metabolites (8 metabolites) were lower in women who experienced adverse pregnancy outcomes. 57 In contrast, in a recent meta-analysis of 53 studies, no biomarkers (including serum vitamin D) were sufficiently accurate to predict intrauterine growth restriction. 58 In nonpregnant populations, metabolomic patterns have been shown to segregate with responses to calcium and vitamin D supplementation, 43 and metabolomic approaches have been utilized to identify a vitamin D responsive metabotype for markers of metabolic syndrome. 59 In these pregnant adolescents, vitamin D sufficiency was associated with lower concentrations of leukotrienes and increased antioxidant and oxidase enzyme concentrations. The association between vitamin D status and a reduced inflammation has been noted in previous metabolomic studies that have identified vitamin D metabolites as potential biomarkers in inflammatory conditions, including asthma, 60 ankylosing spondylitis, 61 and obesity; 62 and is supported by studies highlighting the anti-inflammatory effects of vitamin D. [63] [64] [65] [66] Vitamin D is known to play an extensive role in both innate and adaptive immunity, [67] [68] [69] but its role in the inflammatory process during pregnancy has not been established. A previous In a recent analysis of maternal vitamin D status and inflammation across adolescent pregnancy from the same cohort (n ¼ 168), Akoh et al found that maternal vitamin D status was correlated with tumor necrosis factor a (TNF-a) and C-reactive protein (CRP); analyses are ongoing to measure inflammatory cytokines (IL-6, IL-10, TNF-a, CRP) in archived maternal and cord serum (Unpublished results). These results suggest that maternal vitamin D status may influence inflammatory activity in pregnant adolescents and their infants. Serum fatty acid dicarboxylates were significantly lower in the sufficient vitamin D group in this study, which may be associated with enhanced fatty acid b-oxidation. These findings are consistent with previous animal studies that observed a preventive effect of vitamin D on fatty acid b-oxidation. [70] [71] [72] [73] [74] Vitamin D 3 supplementation has also been found to attenuate high-fat diet-induced hepatic steatosis, via inhibition of hepatic lipogenesis and promotion of fatty acid b-oxidation in rats. 70 The association between higher vitamin D status and increased fatty acid b-oxidation has been noted by in vitro findings in human cultured adipocytes where 1,25(OH) 2 D (and parathyroid hormone [PTH]) increased intracellular calcium and fatty acid synthase regulation and inhibited lipolysis. 74 Targeted vitamin D receptor (VDR) expression in murine adipocytes also has been found to alter fatty acid b-oxidation and lipolysis. 72 Elevated xylose concentrations in midgestation serum were associated with higher vitamin D status, suggestive of alterations in gut microbiome metabolism. Xylose is produced by bacterial metabolism of pentose phosphate-associated biochemicals, 55, 56 and alterations in this metabolite could indicate differences in the gut microbiome between the 2 vitamin D status groups. There is emerging evidence linking vitamin D status to alterations in the gut microbiota, 75 gut homeostasis, and microbe-host signaling. 76 Host vitamin D status may modify intestinal microbiota via T regulatory and dendritic cell development and function. 77, 78 In animal studies, VDR knockout mice have chronic, low-grade gastrointestinal inflammation, impaired T-cell function, and increased inflammatory responses to nonpathogenic bacterial flora in the gastrointestinal tract. 79 Intestinal VDR has also been found to be involved in suppression of nuclear factor kB activation in response to bacteria. 80 Decreased vitamin D intake has also been associated with differences in fecal microbiota in a small study, 81 findings that are consistent with the alterations noted among our group of pregnant adolescents. There are several plausible biological mechanisms by which vitamin D could modulate heme metabolism, such as via decreased inflammation or through the recent associations noted between vitamin D and hepcidin. To our knowledge, the observed association between vitamin D status and heme catabolic metabolites in quintile analyses has not previously been investigated in metabolomic studies. However, findings are consistent with previous analyses in HIV-infected pregnant women, in which sufficient maternal vitamin D status was associated with decreased risk of anemia and iron deficiency 3, 5 and predicted resolution of these outcomes. 3 Vitamin D deficiency has also been associated with marrow myelofibrosis, a known cause of anemia. 82 An association between low vitamin D status and iron deficiency has been observed in studies in individuals with renal disease in National Health and Nutrition Examination Survey III, 83 and in studies among children in Bangladeshi, Pakistani, and Indian, 84 and Asian 85 communities in Britain. Our study has several limitations. We acknowledge that this is a descriptive, exploratory study that constrains our ability to interpret causality and specific mechanisms and metabolic pathways implicated. In this study, we followed recommendations of the 2011 US IOM guidelines and utilized total circulating 25(OH)D as an index of vitamin D status in this healthy North American population. The cutoff for adequate vitamin D status (25(OH)D > 20 ng/mL) in this analysis was selected to be consistent with recent IOM guidelines for optimal calcium homeostasis and bone health. This issue also remains controversial: the Endocrine Society recently released guidelines for the clinical care of vitamin D deficiency, which differ from the 2011 IOM guidelines, recommending that pregnant women and adolescents maintain serum 25(OH)D concentrations >30 ng/mL. Only 18% of adolescents in this population would meet criteria for vitamin D sufficiency using a cutoff of >30 ng/mL. Given that this research was conducted among healthy pregnant women, we believe the US IOM guidelines are the most appropriate and conservative to utilize in this group. Findings remained similarly significant if comparisons were made between the highest (25(OH)D ! 32 ng/mL) and the lowest ( 10 ng/mL) quintiles. Low vitamin D status could also be due to other nonspecific factors related to illness; however, we excluded participants with known medical complications in this study, and all adolescents studied were otherwise healthy and experiencing uncomplicated pregnancies, minimizing potential reverse causation. This analysis was conducted only among a subset of African American adolescents at midgestation. The small sample size and lack of racial diversity limits statistical power and may affect the generalizability of these findings. Although maternal vitamin D status was based on midgestation values, data from the larger cohort found that values were not significantly different from midgestation until delivery. 8 The low number of biochemical differences and lack of segregation by principal components analysis could indicate that vitamin D does not have a major impact on serum biochemical profiles; however, this could also be due to the relatively low sample number per group and high biochemical variability observed in humans. However, to our knowledge, this is the first study to examine the role of vitamin D in metabolomic profiles in pregnancy and thus has an important role in hypothesis generation and may inform future research pursuing these associations in larger prospective studies in pregnant women.
In conclusion, maternal 25(OH)D status significantly influenced serum metabolic profiles in a group of healthy, African American pregnant adolescents. Lower maternal vitamin D status was associated with alterations in biochemical parameters, which may be associated with inflammation, oxidative stress, fatty acid b-oxidation, and gut microbiome. The associations noted are supported by existing data on vitamin D status and these same metabolites using published animal and human data. Future work is needed to examine metabolic pathways linked to potential alterations in these metabolites, to assess metabolomic profiles for the parent vitamin D compound and other vitamin D metabolites, and to identify longer term implications of these findings for maternal and neonatal health outcomes.
